Abstract-The ow patterns and stresses on the wall in a moving granular bed with eccentric discharge were investigated experimentally. The ow pattern histories of granular solids in the moving bed were recorded using a digital camcorder. The image processing system included a frame grabber. A new pressure gauge for simultaneously measuring the normal and shear stresses of granular solids was used. During lling the granular material, the variations in stresses acting on the side walls with time in a granular bed were observed. Also, the dynamic wall stresses were obtained during the eccentric discharge. Employing the results obtained by stress measurements and image processing, the pressure pulsation phenomena in a moving granular bed may be understood further.
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INTRODUCTION
After many years of uninterrupted service, a silo might one day suddenly succumb under a 'silo-quake'. The reason for these catastrophic events is that the forces that the owing granular material exerts against the wall of the container can uctuate by many orders in magnitude [1, 2] . The granular material ow in the hopper is complex. Jenike [3] postulated the mass or funnel ows of solids developed in the hopper. Behringer and Baxter [4] described that the ow may belong to either the slow case or the fast case depending on the parameters and the position within the hopper. For instance, the material at the outlet of the hopper is likely to be in the rapid ow regime. Other material higher up in the hopper is moving slowly and elsewhere within the hopper the granular material may be stagnant. Finally, the free surface at the top may show a steady avalanching behavior.
In the past, many theoretical, numerical and experimental methods have been employed in the analysis of hopper ow. For instance, Janssen [5] employed the differential slice force balance method to analyze the wall stress distribution in the silo. Beverloo et al. [6] theoretically predicted the bulk solid discharge rate. Johanson [7] proposed a method for the design of the insert as well as methods of estimating the pressure on the insert. Walker [8] and Walters [9] theoretically analyzed stresses in axially symmetrical hoppers and bunkers. Hancock and Nedderman [10] outlined four methods to predict stresses on vertical bunker walls, and showed that four methods gave essentially the same values for wall stresses and vertical forces.
Horne and Nedderman [11] used the Method of Characteristics (MOC) to calculate the stress distributio n in two-dimensional (2D) parallel side bins containing granular material under either a uniform or zero surcharge. Horne and Nedderman [12] used MOC to calculate the stress distribution in two-dimensional (2D) hoppers. Cleaver and Nedderman [13] predicted stress and velocity pro les for a granular material undergoing mass ow in a conical hopper by solving the radial stress eld equation. Moreea and Nedderman [14] used MOC to predict the exact stress and velocity elds in an incompressible , cohesion-less , Coulomb material discharging from a conical hopper for a great variety of boundary conditions imposed on the top surface.
Yoshida [15] employed the discrete element method (DEM) to study the static pressures of granular material in a silo. Yoshida [16] employed the DEM to study the pulsation phenomenon of granular material in a silo during discharge. Langston and Tüzün [17] used the DEM to study the stress and velocity elds in hoppers. Langston et al. [18] used the DEM to investigate the discharge rate and wall stress dependence on particle interactions in 2D and 3D hoppers. Ristow and Herrmann [2] predicted the pressure and shear forces acting on the walls of an out owing hopper using molecular dynamics (MD) simulations. Rong et al. [19] employed the DEM and a 2D experimental model to observe the ow behavior of bulk solids in bins. Rong et al. [20] used the DEM to analyze the occurrences of shear bands in a bin and the effect of ow corrective inserts on the granular ows in a bin. Rong et al. [21] employed the DEM to elucidate the mechanical behavior effect of particulate material on silo wall loads during lling and discharge, as well as to evaluate the wall pressure. The above DEM starts from the basis of the individual particles and has the advantage that no global assumptions are required [18] .
Besides the DEM, the other numerical methods were proposed to analyze the hopper ow. For instance, Häußler [22] and Gladen [23] used the Eulerian frame of reference together with the nite element method (FEM) to compare silo wall stresses from numerical simulations with wall stresses obtained by other methods. Ragneau [24] employed the FEM to model wall stresses. Karlsson [25] used the FEM to simulate the ow of granular material in a silo with an insert and determined the distribution of the wall stress. Baxter and Behringer [26, 27] employed the cellular automata model to reproduce many features of the physical ows, including the alignment of the particles, the formation of a complex channel region, the shape of the upper free surface and the formation of defects in the body of the material. Wang et al. [28] employed the nite difference methods to analyze the steady-state ow through an axisymmetric mass ow hopper. The wall pressures in the silo were measured using pressure cells [29] [30] [31] . Blight [32, 33] made a comparison of the measured pressure in silos with code recommendations. Bucklin et al. [34] experimentally investigated bin wall failure caused by eccentric discharge of free-owing grain. Baxter and Behringer [35, 36] . Experimentally studied the ow patterns of sand owing through a 45 ± C hopper constructed from 16 tapered brass slats. Tejchman and Gudehus [37] experimentally and numerically studied silo-music and silo-quake phenomena. Hatamura et al. [38] developed stress, slip velocity and temperature sensors to detect physical phenomena in silos. In addition, wave-like patterns emanating from the outlet of a 2D wedge-shaped hopper were visualized using X-rays [39] .
Some pressure gauges for granular solids are designed so that the stresses in the bulk material are applied to a thin metal diaphragm. Consequently, the magnitude of the applied stresses is determined by recording the de ections of the diaphragm [40, 41] . These pressure gauges have the disadvantage that they only measure the normal stress (or pressure) acting on the active face of the pressure gauge. For many boundary problems in granular solid mechanics, the assumed direction of the resultant stress vector on a boundary was found to have a crucial effect on the calculated pressures or loads. It is essential, therefore, to measure both the magnitude and direction of the boundary stresses in wall pressure measurements of granular solids if a meaningful interpretation of the data is to be made.
In this research work, a pressure gauge for measuring the normal and shear stresses of granular solids acting on its sensing plate was used [42 -45] and preliminary operating experience was gained. The striking feature of this pressure gauge is that measurements are made at both shear and normal stress. Therefore, the magnitude and direction of the stress vector may be determined. This is an essential prerequisite for a full understandin g of the behavior of granular solids adjacent to the walls of the apparatuses.
In addition, the ow pattern histories of granular solids in the moving bed were recorded using a digital camcorder. The image processing system included a frame grabber. During lling the granular material, the variations in stresses acting on the side walls with time in a granular bed were observed. In addition, the variations in dynamic stresses acting on the side walls in a steady moving granular bed were obtained during the eccentric discharge. Employing the results obtained by stress measurements and image processing, the pressure pulsation phenomenon in a moving granular bed may be understood further.
EXPERIMENTAL APPARATUS AND PROCEDURES

Moving granular bed
The model of the experimental moving granular bed is 2D. It consists of a bed of particulate material sandwiched between two transparent panels with side walls forming a vertical channel. The granular ow is induced and controlled by a moving belt underneath the granular bed. Granules are fed into the vertical channel from a hopper at the top, which has a rectangular discharge slot of the same cross-section as the vertical channel. The height of the channel is 1240 mm, the channel width is 403 mm and the channel depth is 122 mm. The position of the discharging slot could be adjusted. Each of the side walls has ve circular holes, which are reserved for installing pressure gauges. The moving granular bed experimental apparatus is schematically shown in Fig. 1 . 
2D pressure gauge
Pressure gauges for normal and shear stress measurements were installed on the side wall of a 2D model silo. The pressure gauge with semiconductor strain gauges [42] [43] [44] [45] is simple and suitable for measuring the static and dynamic pressures of granular solids acting on silo walls. It enables simultaneous and independent measurements of both components of the stress vector. The rigid sensing plate is elastically sealed against dust particle penetration or particle wedging in the slot between the sensing plate and the body of the pressure gauge. The dimensions of the pressure gauge are shown in Fig. 2 .
The normal stress p n and shear stress p t of the granular bed are transmitted by the sensing plate to a dynamometric element (steel ring) to which the semiconductor strain gauges are attached. The wiring and locations of the semiconductor strain gauges on the steel ring are made so that the shear stress effect p t is completely eliminated during the measurement of the normal stress p n . The measurement of the shear stress p t is not affected by the simultaneously acting normal pressure p n . The perfect heat treatment of the dynamometric steel ring of the pressure gage eliminates the hysteresis effects. Consequently, the measured values were easily reproducible. The pressure gauge exhibits linear calibration characteristics. The linear relationship between the stress and the output voltage exists. For each pressure gauge, the calibration straight lines for normal and tangential stresses were determined, respectively by:
and: The subscripts n and t stand for normal and tangential directions, respectively. The superscript i means the ith pressure gauge, y is the output voltage, v is the initial voltage, x is the stress due to the weight and k is the slope of the calibration straight line.
As the pressure gauges were mounted on the side wall of the vertical channel, the sensing plates were ush to the inner surface of the channel walls. At each pressure gauge, the normal and tangential stresses were determined by:
and:
in which p is the stress acting by the granular material, Y is the output voltage and V is the initial voltage before pouring the granular material into the channel.
Experimental procedures and measuring systems
The pressure gauges, which could measure normal wall pressures and tangential wall shear stresses simultaneousl y, were calibrated before installatio n on the side walls. For each pressure gauge, the linear relationship between the stress and the output voltage was obtained. The effective area of the sensing plate of the pressure gauge is 23 cm 2 . The layout of the pressure gauges and detailed dimensions of the vertical channel are shown in Fig. 3 .
Two kinds of granular material were employed in the experiment. The particles of transparent cylindrical polystyrene with an elliptical cross-section were used as a granular bed. The major axis of the ellipse is between 2.2 and 2.6 mm. The minor axis of the ellipse is between 1.6 and 1.85 mm. The length is between 3.1 and 3.45 mm. The other granular material was black cylindrical polycarbonate with an elliptical cross-section. These particles were used as a tracer for ow pattern observation. The major axis of the ellipse is between 3.2 and 3.4 mm. The minor axis of the ellipse is between 2.2 and 2.45 mm. The length of particles is between 3.1 and 3.45 mm. By employing a Jenike shear tester, the friction angles for the abovementioned granular materials were obtained and listed in Table 1 .
Before pouring the granular material into the channel, the initial voltage for each pressure gauge mounted on the side walls was recorded. During lling the granular material, a layer of transparent cylindrical polystyrene and a layer of black cylindrical polycarbonate were stacked alternately from the bottom to the top (see Frame 1 in Fig. 6 ).
During discharging the vertical channel, the ow rate of granular material was controlled by a moving belt. The dynamic normal and tangential stresses acting on each pressure gauge were measured. The mass ow rate measurements were made by continuously collecting the discharged granules in a tarred bucket. Weighing the full buckets was conducted with an electronic balance. A mass ow rate of 0.0875 kg / s was used in this study. For the convenience of connecting the pressure gauge with a data acquisition card, a home made connector was used (see Fig. 4 ). The output voltage from the pressure gauges was ampli ed by a power supply (TopWard-6303D). A data acquisition card (Advantech PCL-818HG) was employed to convert the analog signals into digital signals. Computer software (VisiDAQ 3.1) was employed to process the data. At the same time, a digital camcorder (Sony DCR-TRV310) was used to record the development of the ow of colored granules until no more granules left the granular bed. An image grabber (MotoDV IEEE-1394) was used to convert the ow images from the recorded tape into computer graphic les. Computer software (Adobe Photoshop LE) was employed to edit the ow images. A schematic drawing of the stress measuring equipment and video imaging system is shown in Fig. 4 .
RESULTS AND DISCUSSION
Filling the granular material
The layout of the pressure gauges and detailed dimensions of the vertical channel are shown in Fig. 3 . The pressure gauges installed on the left side wall are marked L1 to L5. The pressure gauges installed on the right side wall are marked R1 to R5.
During lling the granular material, the variations in the normal and shear stresses of the granular bed, acting on pressure gauges L1, L2 and L3, with time of lling are shown in Fig. 5a and b. For each pressure gauge, the time when pressure gauges were rst touched with granules and the time when pressure gauges were covered with granules during lling are listed in Table 2 . The overall granular material lling time was 55 s. After contact with granules, both the normal and shear stresses measured by each pressure gauge increased with increasing time. Although no more granular material was poured into the channel after 55 s, both the normal and shear stresses uctuated. The reason for output signal uctuation was due to the high electrical ampli cation of the data acquisition equipment. The method of lling in uences wall stresses in the granular bed. Using the DEM, Yoshida [15] observed that the normal pressures acting on the side wall of the silo were very sensitive to the particle arrangement. In this research, the granules were poured into the vertical channel continuously from the upper hopper and a 'rainy' lling method was used. Figure 6 shows the ow history of the colored granules in the moving granular bed with eccentric exit. At the beginning of out ow, the owing core was formed above the discharging slot (see Frame 2 in Fig. 6 ). The piston-like owing core forms a vertical column. The width of the column coincides with that of the discharging slot. The granules at the discharging slot were likely in a rapid ow regime.
Flow patterns of the moving granular bed
The transition region exists between the owing core and the quasi-stagnan t zone (see Frame 3 in Fig. 6 ). This region expands continuousl y towards the quasistagnant zone (see Frames 4-7 in Fig. 6 ). A shear ow inside the transition region with erosion of granules in the quasi-stagnant zone is shown in Fig. 6 . The angle of the wedge-shaped stagnant zone adjacent to the right-botto m corner of the vertical channel is approximately 42
± (see Frame 18 in Fig. 6 ). The free surface at the top demonstrated an avalanche behavior. From Frame 1 to 4, the shape of the free surface evolved from a horizontal plane into a convex surface. From Frame 4 to 7, the shape of the free surface evolved from a convex surface into an inclined plane. Finally, from Frame 7 to 17, the shape of the free surface evolved from an inclined plane into a concave surface. The boundary of the free surface in each frame of Fig. 6 is depicted by a dotted line. 
Dynamic response of stresses on the wall
ACI Committee 313 [46] reported that silo failures have alerted design engineers to the danger of designing silos for only static pressure due to stored material at rest. Those failures have inspired widespread research into the variations in pressure and ow of granular materials. The research thus far has established beyond doubt that (normal) pressure during withdrawal may be signi cantly higher [47 -50] or signi cantly lower than that when the material is at rest. The excess (above the static normal pressure) is called 'overpressure' and the shortfall is called 'underpressure'. Figure 7a -e demonstrates the dynamic response of normal and shear stresses measured by pressure gauges L1, L2, L3, L4 and L5, respectively. In general, for each pressure gauge, the dynamic response of normal stress and the dynamic response of shear stress have same trend. In addition, the shear stress value is always smaller than the normal stress value. For each pressure gauge, the elapsed time for measuring stress is listed in Table 3 . The pressure gauges installed on the left-side wall measure normal and shear stress of owing granules. At the beginning of ow the normal and shear stresses measured by pressure gauges L5 and L4 signi cantly slide down from values of static stresses (Fig. 7e and d) . This fact is in contrast with an opinion that hydrostatic (higher than static) pressures exist inside the owing core.
For example, in Fig. 7e , at 13.1 s from beginning of the out ow the normal stress measured by pressure gauge L5 slides down from 0.745 to 0.098 kPa. In addition, at 13.1 s, the shear stress measured by pressure gage L5 slides down from 0.185 to approximately 0.0 kPa. Both the normal and shear stresses measured by pressure gauge L5 then uctuate (within values lower than static stresses) rapidly during the remaining discharge time. This trend coincides with the prediction that underpressures may occur at a ow channel in contact with the wall [51 -53] .
The record of stresses in Fig. 7e shows peaks of both normal and shear stresses appeared simultaneously. The reason for this sudden increase in stress was an avalanche of granules sliding along the free surface. This avalanche consequently impacted on left wall nearby pressure gauge L5 (see Frames 11 and 12 in Fig. 6) . A similar stress increase was observed in ow patterns between Frames 2 and 5. The record of stresses measured by pressure gauge L4 in Fig. 7d shows a stress peak at the time interval corresponding to Frames 4 and 5. Then, normal and shear stresses decrease and remain steady.
Both the normal and shear stresses measured by pressure gauge L3 (Fig. 7c ) uctuate about the static stress with high frequency. At the end of the stress record (Fig. 7c) , an increase of normal stress measured by pressure gauge L3 has been registered. We cannot explain a reason for this large stress increase in normal and tangential stresses at this time. We did not observe any physical factors causing this stress increase.
Normal and shear stresses measured by pressure gauges L1 and L2 uctuate. The wall stress measured by pressure gauge L1 uctuates above the static stresses. At the end of the stress record ( Fig. 7a and b) an increase of normal stress and shear stress measured by pressure gauge L1 and L2 has been observed. The reason for this was an avalanche of granules sliding down the inclined free surface (see Frames 3 and 4 in Fig. 6 ).
Figure 8a -e demonstrates the dynamic response of normal stress measured by pressure gauges L1 and R1, L2 and R2, L3 and R3, L4 and R4 and L5 and R5, respectively. In general, the normal stress uctuation on the left side wall is larger than the normal stress amplitudes on the right side wall. We can explain that large stress amplitudes on the left wall are due to the existence of a owing core and quasi-stagnan t zone. The boundary between them is a shear plane where periodical shear failures take place. The shear failure causes a stress pulse on the left wall, while the same pulse of normal and shear stresses is absorbed by the quasi-stagnant zone near the right wall.
Since pressure gauge R5 is near the stagnant zone adjacent to the right-botto m corner, the normal stress value measured by pressure gauge R5 is higher than that measured by pressure gauge L5. In addition, the normal stress value measured by pressure gauge R5 drops to zero at 347 s in spite of the fact that pressure gauge R5 is near the stagnant zone adjacent to the right-botto m corner. In other words, the stagnant zone behaves like a solid, sits on the bottom and does not push against the side wall at the end of material withdrawal. The overall time for discharging granular material was 420 s.
The measured results of normal stress on the right wall are plotted in relation to the bed height in Fig. 9 . The thick quasi-stagnant zone absorbs stress pulsations of owing granules. Nevertheless, the normal stress pulsations (at the time t D 70 s) are higher than static stresses for the central part of granular bed.
Methods for evaluating the effects of eccentric discharge have been discussed recently [54, 55] . Nevertheless, the Committee for the Design Code ACI 313-97 [46] did not endorse a method for calculating wall pressures in silos with eccentric discharge till now.
CONCLUSIONS
The ow patterns and stresses on the wall in a static and moving granular bed with eccentric discharge were measured. The striking feature of the pressure gauge used in this research work is that measurements are made at both shear and normal stresses. During lling granular material, the variations in stresses acting on the side walls with time of lling were observed. Normal and shear stresses increased linearly with the time of lling till the moment when the weight of additionall y lled granules was fully transmitted to the walls by the wall friction. Five different ow regions were observed in a moving granular bed with eccentric discharge. The dynamic response of the normal and shear stresses acting on the side walls were observed. For stresses in the owing core, characteristic pulsations were measured on the left wall. The smooth record of stresses on the right wall is due to a damping effect of the quasi-stagnant zone. The ow patterns in the moving granular bed show that the granular bed consists of two main regions. One is the uid-like bed and the other is the solid-like layer isolating the neighboring (right) wall from the pulsating stresses of the owing region. Evidently, these two main regions must have different stress states and different bulk density.
A mechanism of the stress pulsations has to be studied in a steady-state ow when the ow patterns are fully developed. For this purpose, a circulating system of granules should be installed on the existing experimental apparatus in the near future.
